Replication comes with a price. The molecular gymnastics that occur on DNA during its duplication frequently derive to a wide spectrum of abnormalities which are still far from understood. These are brought together under the unifying term "replicative stress" (RS) which likely stands for large and unprotected regions of single-stranded DNA (ssDNA). In addition to RS, recombinogenic stretches of ssDNA are also formed at resected DNA double strand breaks (DSBs). Both situations converge on a ssDNA intermediate, which is the triggering signal for a damage situation. The cellular response in both cases is coordinated by a phosphorylation-based signaling cascade that starts with the activation of the ATR (ATM and Rad3-related) kinase. Given that ATR is essential for replicating cells, understanding the consequences of a defective ATR response for a mammalian organism has been limited until recent years. We here discuss on the topic and review the findings that connect ATR to ageing and cancer.
Introduction
Exogenous and endogenous sources are constantly challenging the integrity of DNA. To protect their genomes, cells have evolved a large network of caretakers which detect, signal and repair the lesions. Among the different types of damage, and due to its potential to promote chromosome rearrangements, DSB are particularly toxic for the cell [1] . Work done particularly in the last 15 years, and which arguably started with the identification of ATM (ataxia telangiectasia mutated) as the protein kinase that was mutated in * Corresponding author. Tel.: +34 91 732 8000x3480; fax: +34 91 732 8028.
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patients of ataxia telangiectasia [2] , has provided a fairly comprehensive view of how cells respond to DSB. Their presence triggers a coordinated signaling response which stimulates DNA repair and limits the expansion of the damaged cell by apoptotic or cytostatic mechanisms. This network is what is generally known as the "DNA damage response" (DDR) [3] .
Most of the early works on the DDR focused on the understanding of how ATM responded to DSB. However, we now know that the DDR is stimulated not only by DSB, but also by regions of ssDNA that can be generated both at stalled replication forks (RFs) and at resected DSB. This second response is the one coordinated by the ATM-related kinase ATR, and is critical to protect the genome from RS [4] . In the next pages, we provide an overview of the ATR-dependent DDR, and discuss the recent data on the impact that a deficient ATR response has on a mammalian organism.
The DDR brotherhood: ATM, ATR and DNA-PK
ATR and ATM belong to the PIKK (phosphatidylinositol-3-kinase related kinases) family [5] . Whereas related to PI3K, these enzymes are protein kinases and do not phosphorylate lipids. A third member of the family, the catalytic subunit of the DNA-dependent protein kinase holoenzyme (DNA-PKcs), is also activated by DSB. However, and in contrast to ATM and ATR, its role seems to be restricted to the stimulation of DNA repair by non-homologous end-joining (NHEJ) rather than in coordinating a global signaling response [6] . Noteworthy, recent evidences suggest that DNA-PK might also have some role in checkpoint signaling, which is only evident in the absence of ATM [7, 8] . In fact, the simultaneous elimination of ATM and DNA-PK is essential for mouse development [9] . Other members of the family include kinases involved in nutrient signaling such as mTOR (mammalian target of rapamycin) or mRNA metabolism as SMG1 (suppressor with morphological effect on genitalia).
Members of the family are large proteins (more than 300 kDa), with a related domain structure. All of them contain a large region of repeated domains in the N-terminus (HEAT domains); followed by a FAT domain, a catalytic domain homologue to that in PI-3-kinase (PI3K), a PIKK regulatory domain (PRD) and a FATC domain at the C-terminus [10] . The HEAT, FAT and FATC domains are thought to be involved in favoring the interactions of these proteins with their substrates and modulators [11] . In contrast, the recently described PRD (at least in the case of ATR) seems to be directly involved in stimulating the kinase activity [12] . Whereas the basal activity does not require an intact PRD, this is required for ATR stimulation by its allosteric activator TopBP1 [13] . There are hints suggesting that the PRD might also operate in other members of the family. However, it remains to be determined to what extent the PRD works similarly on the other PIKKs.
Upon activation, ATM and ATR coordinate a cellular response which affects a wide variety of cellular processes including transcription, replication, differentiation, apoptosis or cell division. With this broad scope, it is not surprising that the number of ATM/ATR targets is very big, with more than 700 of substrates having been identified in one single proteomic search [14] . The majority of the targets can be phosphorylated by both kinases, so that the cellular outcomes to ATM or ATR activation are shared to a large extent. However, the two key checkpoint-related substrates, Chk1 and Chk2, are specific of ATR or ATM, respectively [15] . Accordingly, Chk1 phosphorylation is performed by ATR even in response to ionizing radiation (IR) [16, 17] . In contrast, ATR fails to phosphorylate Chk2 even when its activity is unleashed by artificial means [18] . The reason for this strict specificity for Chk1/2 seems to be given by mediator proteins that restrict the interaction of ATM and ATR with checkpoint kinases. For example, Chk1 phosphorylation by ATR is mediated by the interacting protein Claspin [19] . Whether a "Claspin-like" protein mediates the ATM/Chk2 relationship is still not known, but we favor this idea given that ATR is unable to phosphorylate Chk2 in vivo, even when its activity is stimulated by TopBP1 [18] .
In addition to their specificity for checkpoint kinases, the key difference between ATM and ATR is the signal that activates them. ATM is activated exclusively by DSBs, which can arise from exogenous (IR, genotoxic drugs) or endogenous (reactive oxygen species, eroded telomeres, intermediates of immune and meiotic recombination, etc.) sources. Accordingly, ATM deficiency in both mouse and humans concurs with sterility, immune deficiency and a high sensitivity to radiation [1] . In contrast, ATR is activated by ssDNA, which can occur at persistent DSB, but more extensively on stalled RFs [4] . In addition, whereas DSB activate ATM at any stage of the cell cycle, the response of ATR to DSB is restricted to S and G2 phases [16, 17] . The reason for this specificity is that the resection of DSB ends is restricted to S/G2, likely influenced by CDK-mediated stimulation of resection-regulators, such as Mre11, Exo1 and CtIP [20] [21] [22] . Interestingly, activation of ATR in G1 is sufficient to activate the G1/S checkpoint in ATM deficient cells [18] , once again reinforcing that both ATM and ATR trigger a similar response, the main difference being when or where these are activated. We now center our work in describing the molecular mechanism of ATR activation in more detail.
ATR activation step by step
As mentioned, RPA-coated ssDNA is the actual triggering signal for ATR activation [23] . Previous to this work in mammalian cells, work done in yeast had already identified RPA and ssDNA as important mediators of the checkpoint response [24, 25] . The actual role of ssDNA is to recruit ATR to the sites of the lesion by direct binding of RPA-ssDNA to the ATR partner ATRIP (ATR interacting protein) [26] . Of note, ATR and ATRIP seem to be constitutively bound, so that free ATR might not exist within cells. In fact, as is the case with many constitutive complexes, depletion of either ATR or ATRIP also depletes the other member. In this scenario, situations that lead to the generation of ssDNA are triggers for ATR activation. These include RS, resected DSB, telomeres and gaps generated during nucleotide excision repair (NER) [4] . Among these situations, is fair to say that RS is the less understood. This term unifies all "problems" that arise at a RF and lead to recombinogenic stretches of ssDNA. One nice mechanistic proposal was the one made by Cimprich which suggested that RS could due to uncoupling helicase and polymerase activities [27] . It would be interesting to determine whether this is a mechanism by which oncogenes promote RS and DDR activation [28] . However, this is not the only way to accumulate ssDNA at the RF and work done in yeast is paving the way for the discovery of such structures [29] .
ssDNA accumulation is only the first step towards activating ATR. In Fig. 1 we provide a model that summarizes the stepwise activation of ATR. First, RPA-coated ssDNA recruits ATR-ATRIP complex [26] . This brings ATR to the lesion but in order to be activated it still needs to interact with its activator TopBP1. This occurs by an independent cascade or recruitments that are also initiated by ssDNA-RPA. The first step is to recruit Rad17, which is conserved with members of the replication factor C (RFC) that loads PCNA onto primed DNA during replication. Then, the clamp loader Rad17 loads the PCNA-like heterotrimeric ring 9-1-1 (Rad9-Rad1-Hus1) to the damage sites [30] . Finally, 9-1-1 brings TopBP1 in close proximity to ATR-ATRIP, unleashing its activity [31] . In addition to bringing TopBP1, Rad17 also directs the loading of Claspin to ssDNA [32] . Thus, the Rad17/9-1-1 complex not only coordinates the loading of ATR but is also a key to translate ATR activation into a checkpoint signal.
Consequences of ATR signaling

Checkpoints: all about Chk1
The first and mostly studied role of ATR is on regulating checkpoints induced by DNA damage. In fact, the cloning of ATR identified this protein as the orthologue of Sacharomyces cerevisiae Mec1p, which is the main checkpoint regulator in yeast [33] . In spite of the numerous substrates of ATR, the key event that translates ATR activity into a checkpoint signal may mostly depend on one single target, which is the phosphorylation and activation of Chk1 [34] . 1 . Activating ATR. The figure illustrates the steps that lead to the activation of ATR. The common signal for initiating an ATR dependent response is the presence of ssDNA. Due to the work of replicative helicases, ssDNA is most abundant during DNA synthesis. In addition, recent works have focused on the ssDNA that is generated at resected DSB. Noteworthy, there are other situations that can lead to ssDNA such as exposing the telomeric overhang or ssDNA patches generated during NER (not shown). Once formed, ssDNA is rapidly coated by stabilizing proteins. RPA-coated ssDNA independently brings together the two components of the pathway. On one hand, RPA recruits ATRIP, which is in a complex with ATR and thus brings the kinase to the lesion. On the other hand, RPA recruits Rad17, which loads the 9-1-1. This complex is then essential to recruit and position the allosteric activator TopBP1. On close proximity, TopBP1 activates ATR.
Like ATR, Chk1 activation is restricted to S and G2, so that it only regulates S and G2 checkpoints [35] . Complementarily, whereas Chk2 activation by ATM has a reported role in the G1/S checkpoint [36, 37] , no clear defect in the S and G2/M checkpoints were detected in Chk2 deficient mouse cells [38] . Notably, whereas most ATR targets are phosphorylated at the lesion site the phosphorylation of Chk1 drives activated Chk1 away from chromatin, consistent with the notion of being the transmitter of the alarm signal [39] . Once activated and free from chromatin, Chk1 activity translates into growth arrest by modulating the function of CDK regulators [39, 40] . Ultimately, the way by which Chk1 activation leads to growth arrest is through the control of inhibitory phosphorylations on CDKs. On one hand, Chk1 phosphorylates and activates Wee1; which is the kinase that delivers inhibitory phosphorylations on CDKs [41] . On the other hand, Chk1 also targets Cdc25A, which is the phosphatase that counteracts Wee1-mediated phosphorylations on CDKs. This phosphorylation marks Cdc25A for its degradation by the proteasome, so that depletion of Cdc25A is an early event after the exposure to DNA damage [42, 43] . Significantly, recent data suggest that the Cdc25A regulation is related to the essential role of Chk1. Chk1 depletion leads to massive amounts of DNA damage and cellular lethality [44] . However, simultaneous depletion of Cdc25A significantly alleviates the deleterious effects of Chk1 knockdown in human cells [45] . These observations might be very relevant, since they offer a cue to explore how ATR/Chk1 losses could be tolerated in vivo at the cellular or even organism level.
Whereas of pivotal importance, the ATR/Chk1/Cdc25A pathway is not the only way by which ATR activation leads to growth arrest.
For instance, recent work identified NEK11 as a Chk1-regulated kinase which also influences Cdc25A degradation [46] . In addition, all of the above are related to the early activation of cell-cycle checkpoints.
Upon more persistent damage, ATR and Chk1 also phosphorylate p53, which contributes to the upregulation of p53 levels and becomes important for the maintenance of the cell-cycle arrest and/or the activation of apoptosis [47] . This pathway might be critical for the induction of senescence under conditions of persistent DNA damage, which could be the case for the damage induced by oncogenes [48] [49] [50] . In agreement with this idea, prolonged ATR activation, even in the absence of DNA damage, is enough to promote senescence in a p53-dependent fashion [18] . To what extent the ATR-p53 axis is of relevance for the protection against human cancer is still a matter of debate (discussed below).
RF dynamics: collapse and re-start
In addition to the control of cell-cycle transitions, ATR has an essential and local function regulating the stability of the RF. Most of the knowledge came originally from yeast studies and, to some extent, have also been observed in mammals. The original observation started with the analysis of how RF progression in yeast cells was affected by alkylating agents [51] . In wild type yeast, RFs stalled when cells were grown in the presence of methyl methanesulphonate (MMS). In contrast, the presence of MMS led to a collapse of RF on checkpoint mutants (i.e. defective in the ATR orthologue Mec1), which greatly compromised cell viability. To this date, it is still a mystery what "collapse" actually means or how it arises; but its outcome is that DSB are generated at the RF. We now know that RF can also collapse in wild type cells upon prolonged stalling. This has been nicely shown in mammalian cells where the nuclease Mus81 seems to be responsible for breaking the stalled forks [52] . An attractive hypothesis is that Mus81-generated DSB are created in order to restart the fork by promoting homologous recombination (HR), which would be the actual meaning of collapse. Given that RF collapse is more abundant on ATR/Chk1 mutants, one possibility is that the ATR pathway restricts the activity of Mus81 at RF and therefore limits promiscuous HR. Significantly, even though multiple studies have focused on the role of ATR regulating fork stability the targets responsible for this activity remain largely elusive [53] .
Once again, Chk1 seems to be a key factor in regulating the stability of the RF. Accordingly, Chk1 depletion leads to massive DNA damage in replicating cells [44] and, like ATR [54, 55] , Chk1 deletion is early embryonic lethal in the mouse [34, 56] . Noteworthy, severe ATR hypomorphism is tolerated in humans but leads to a disease known as the Seckel Syndrome which is associated with dwarfism and craniofacial abnormalities [57] . We recently modeled this syndrome in the mouse and showed that low levels of ATR lead a dramatic increase in DNA damage during replication, most prominently during embryogenesis [58] . To what extent Chk1 is responsible for the phenotypes associated to the dampening of ATR function in mammals remains to be determined.
Replisome regulation by ATR might also operate through Chk1-independent signaling [59] . For instance, recent data showed that the yeast Claspin orthologue Mrc1 regulates RF dynamics in a Mec1-dependent but Chk1-independent fashion [60] . In addition, helicases of the RecQ family such as Sgs1 in yeast, and BLM and WRN helicases in human, have been shown to be critical targets of ATR in safeguarding the integrity of RF [61] [62] [63] . However, it should also be noted that Chk1 is not essential in yeast, so that it is hard to translate the role of Chk1 to mammalian cells. Moreover, it remains possible that helicases are also influenced by Chk1 in mammalian cells so that the intimate details of how the ATR-helicase connection operates at the RF are far from being solved.
In addition to maintaining the stability of the fork, ATR is also involved in the regulation of origins of replication. Whereas the activation of ATR promotes a dampening of replication rates and a global inhibition of origin firing, it can also promote new origin firing near stalled RF [4, 64] . These apparent contradictory functions may ensure complete genome replication once DNA damage is repaired or cells are adapted to it [64] . Importantly, ATR limits origin activity even in the absence of exogenous DNA damage [65] . Their observations led the authors to propose that an "ATR signaling domain" might always be generated at each origin, which would be responsible for preventing the firing of more origins in the vicinity. A very attractive proposal that deserves to be further explored. As in the case of RF stability, and even though many replication-related targets have been discovered, the means by which ATR regulates origin dynamics are far from understood.
A role for ATR in DNA repair
Studies of the role of ATR in DNA repair have been limited by the essential nature of the kinase. In what regards to DSB, existing data suggest that ATR is more involved in the repair of DNA breaks by HR rather than NHEJ [66] . In this regard, ATR regulates BRCA1 in somatic and meiotic cells [67] [68] [69] . In addition, Chk1 has been shown to stimulate HR by phosphorylation of Rad51 [70] . However, it is possible that the role of ATR in stimulating HR is restricted to DSB arising at RF. In fact, ATR only confers a mild sensitivity to IR, so that the relevance of the ATR-response to DSB is not clear.
Besides HR, ATR might play an important role on Fanconi anemia (FA) pathway which is involved in the repair of DNA crosslinks. Exposure of ATR deficient cells to mytomicin-C leads to the accumulation of radial structures on chromosomes, a hallmark of FA. This is thought to be due to a failure to monoubiquitinate FANCD2, a key event for crosslink repair [71] . Moreover, a recent work also showed a reverse connection between ATR and FA proteins; namely that FancM is necessary for the activation of ATR [72] . The links between ATR and FA are still being discovered, and it is likely that they might not be completely separated from the roles of ATR in HR.
The role of ATR beyond the single cell
Organisms can avoid exposure to external agents that damage DNA such as sunlight, but one thing they cannot avoid is DNA replication. As explained, there is no such a thing as "damageless" replication and ATR/Chk1 signaling is necessary to prevent the accumulation of RS even in the absence of exogenous DNA damage. This makes the ATR response essential for embryonic development and limited the use of knockout mouse strains [54, 55] . Recent developments in modeling ATR function in the mouse have allowed evaluating the consequences of a defective ATR response. We are now beginning to understand how the accumulation of RS impacts mammalian physiology. Previous work has already reviewed the phenotypes associated to ATR hypomorphism such as craniofacial abnormalities [73] . We here focus specifically on how the RS-response provided by ATR impacts on ageing and cancer development.
ATR and cancer: a dose effect
The DDR has an unquestionable role in cancer. Accordingly, mutations in DDR members such as ATM or Chk2 have been found in human tumors and mouse models of the DDR are frequently associated with an increased tumor incidence. The question is HOW the DDR protects us from tumors. As mentioned, the DDR potentiates DNA repair and activates checkpoints. Which of the two activities is essential for cancer protection? The original view was simple. Cancer arises from mutations and DNA repair activities obviously limit their accumulation. In this view, DDR members would be caretakers. However, a new view has emerged [28] .
Extensive analyses of human biopsies found evidences of an activated DDR in early stages of malignant transformation [74, 75] . The authors proposed that this could reflect an activation of the DDR by some sort of DNA damage generated by oncogenes, which would trigger the checkpoints and limit the expansion of these premalignant cells. In this context, the DDR would play the role as a gatekeeper. Later studies reported that, in fact, oncogene activation can lead to DNA damage which will promote a DDR-dependent senescent response [48] [49] [50] . The key issue is that the damage generated by oncogenes is linked to replication. Therefore, although much emphasis is put on the ATM response, it is reasonable to believe that ATR should be the main responder to the DNA damage induced by oncogenes. Nevertheless, since persistent RS can also lead to fork collapse and DSB formation, ATM would also be finally activated by this secondary damage. In agreement with this, ATM deletion accelerates lymphomas initiated by a c-myc transgene [76, 77] . However, we would want to note that ATM has a very limited role in oncogene-induced senescence in a mouse model of Ras-induced lung tumors [78] . It is likely that not all oncogenes, and not all tumors, are associated to the same degree of RS, so that the oncogene-induced DNA damage model might only apply for rapidly proliferating tumors (as is the case for myc-induced lymphomas).
Regarding the RS-response, both ATR and Chk1 are halpoinsufficient tumor suppressors in the mouse. The absence of one allele of ATR or Chk1 leads to a modest increase in tumor incidence [34, 54] , and this is greatly enhanced in combination with other cancer-prone mutations [79, 80] . In addition, ATR activation leads to senescence [18] , so that potentiating the ATR-response could limit the expansion of premalignant cells. Still, direct proof of the role of ATR/Chk1 in the oncogene-induced DDR model is still missing. Paradoxically, even though half dosage of Chk1 promotes tumors, Chk1 inhibitors are currently being tested for cancer treatment [81] . The reason for this is that Chk1 inhibition is particularly toxic for cells lacking p53, providing one example of synthetic lethality [82] . But what is the reason for this interaction and what about potential ATR inhibitors?
The reason for these contradictory observations resides on ATR levels (Fig. 2) . While lowering the amounts of ATR/Chk1 by half might lead to more mutations and cancer, a severe inhibition of this response might be particularly deleterious for cells that replicate very fast, such as is the case for many cancer cells. In this regard, and after analyzing more than 200 mutant mice, we have never observed a tumor on ATR hypomorphic mice [58] . Moreover, and as it has also been observed with a conditional knockout allele, deletion of p53 not only does not promote tumors but is actually very toxic in conditions of low ATR levels [58, 83] . In other words, and as shown for Chk1 inhibitors, ATR and p53 loss display a synthetic lethal interaction. Despite numerous efforts, there are no ATR inhibitors good enough for clinic use. It is possible, however, that the cancer protective effects exerted by caffeine (a non-specific PI3-kinase inhibitor) could be related to the inhibition of ATR [84, 85] . To what extent ATR or Chk1 inhibitors are also synthetic lethal with other cancer related mutations remains to be proven. Our prediction is that such inhibitors would be of particular use for any tumor that has high replication rates and, as a consequence, high constitutive amounts of RS.
Organism senescence: replication-driven ageing
Ageing research has revealed that the accumulation of DNA damage during life-time is probably the major driving force of the Fig. 2 . ATR and cancer: friend or foe? ATR can protect from cancer but, at the same time, its inhibition might be used for the killing of cells with high levels of RS. On one hand, the checkpoint response of ATR might limit the expansion of precancerous cells in which oncogenes generate RS (green). In this context, a partial reduction of ATR might allow the expansion of pretumoral cells and thus lead to cancer development (red). However, if ATR levels were very limiting (for instance, with the use of an inhibitor) this would generate lethal amounts of RS and thus lead to cell lethality (red). Importantly, such an approach would be particularly toxic for cells with high levels of RS, such as those expressing oncogenes or lacking tumor suppressors.
ageing process [86, 87] . In agreement with this, several studies have shown that aged tissues or stem cells (SC) present an activated DDR [88, 89] , and DDR-related diseases frequently suffer from premature ageing. However, which types of DNA damage (RS, eroded telomeres, ROS, etc.) are most relevant for normal ageing remains to be understood.
In regard to ATR, constitutive ATR hypomorphism or conditional deletion of ATR in adult mice leads to accelerated ageing [58, 90] . Likewise, ageing-associated phenotypes have also been noted in human patients of the Seckel Syndrome, some of whom present ATR hypomorphism [57] . It is possible that both situations lead to ageing due to different mechanisms. Conditional ATR elimination in adult mice is lethal for proliferating cells, so that it promotes the exhaustion of SC in tissues with high turnover rates [90] . In contrast, ATR-Seckel mice display very high levels of RS during embryogenesis, which might affect SC niches and compromise ageing for the later life of the animals [58] . This led us to propose the concept of "intrauterine programming of ageing" (discussed in [91] ), which states that stresses that affect embryonic development (i.e. RS) could accelerate ageing rates. Of course, mammals are not going to replicate faster or more frequently than during embryogenesis, which explains why a proficient ATR response is particularly critical at this stage. The concept of intrauterine programming has important implications since it suggests that strategies directed exclusively to the intrauterine period could be worth to be explored as life-extending strategies. Notoriously, p53 deletion accelerated ageing phenotypes in both ATR mouse models, once again as evidence of the synthetic lethal interaction described above [58, 83] . Of course, all of these are extreme models of ATR hypomorphism and RS. To what extent RS contributes to natural ageing is also not known. Perhaps a way to answer this question is to determine whether a better RS-response is able to extend lifespan in a mammalian model.
Concluding remarks
We now have a rudimentary knowledge of what RS is, and of the consequences for an organism of an improper ATR-response. The dual role of ATR in cancer suggests that inhibitors of ATR and Chk1 could be used for the killing of tumors with high levels of RS, but having in mind that an insufficient inhibition might be tumor prone. This is of course no different to any other genotoxic chemotherapy, and it offers the advantage of synthetic lethality with p53 deficient cells. Still, these facts should always be considered when thinking about such an approach. Regarding ageing, the question is whether we could ever use the information we have learned about ATR and RS to live longer, but of course, still being able to replicate.
